INTRODUCTION
B-cell development is a complex process. Through multiple, immediate stages, hematopoietic progenitor cells eventually give rise to a B-cell pool with a diverse yet self-tolerant repertoire of antigen receptors. 1 At the pro-B stage, cells rearrange their immunoglobulin heavy chain (IgH) loci. The productive rearrangement and expression of Igh leads to the assembly of a pre-B-cell receptor (pre-BCR), which delivers a signal that is essential for the transition from the pro-B-to pre-B-cell stages. The large pre-B cells undergo several rounds of proliferation before exiting the cell cycle to begin rearrangement of the Ig light chain (IgL) loci at the small, pre-B-cell stage. 2, 3 Upon successful rearrangement of Igl, cells begin to express a functional BCR that is capable of antigen recognition, which marks the progression to the immature stage. Immature B cells are then exported to the periphery, where they undergo further maturation 4 and acquire surface markers such as IgD, CD21 and CD23. 5, 6 The intrinsic developmental program of B cells is regulated by extrinsic signals. Among these, IL-7 secreted by bone marrow stromal cells plays a particularly important role. 7 The disruption of IL-7 signaling in mice with targeted deletion of the gene encoding IL-7 or components of the IL-7 receptor (IL-7R) results in impaired V-DJ recombination and a developmental arrest at the pro-B-cell stage. 8, 9 IL-7 primarily acts to drive the proliferation of pro-B and pre-B cells. Moreover, it may regulate the differentiation of B-cell precursors because its withdrawal has been reported to facilitate the generation of sIgM 1 immature B cells. Cells of the B lineage, including developing B cells, also express multiple pathogen recognition receptors, such as Toll-like receptors (TLRs). 10 Previous studies mainly focused on their functions in mature B cells. Engagement of TLR4 by lipopolysaccharide (LPS), for example, has been shown to affect many aspects of B-cell activity, including cell proliferation, Ig-class switch, plasma-cell differentiation and antibody production as well as their antigen-presenting capacity. 11, 12 In contrast, limited information is currently available regarding the potential role of TLR4-mediated signaling in early B-cell development. In one report, LPS was shown to exert an inhibitory effect on B lymphopoiesis by promoting myeloid differentiation of hematopoietic progenitors through a Myd88-dependent mechanism. 13 A more recent study, however, indicates that LPS may facilitate B-cell maturation by acting as an accessory stimulus to complement the BAFF physiological pathway of B-cell development. 14 Therefore, the precise role of TLR4 signaling in the early stages of B-cell development requires more in-depth analysis. In the present study, we used in vitro (cell culture) and in vivo (adoptive transfer) approaches to systemically analyze the impact of TLR4 signaling on the proliferation, survival and differentiation of B-cell precursors.
MATERIALS AND METHODS
Mice C57BL/6, C3H/HeN and C3H/HeJ mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained in the animal breeding facility at Peking University Health Science Center under specific, pathogen-free conditions. The experimental procedures on the use and care of animals were approved by the ethics committee of Peking University Health Science Center. All animals were used at the age of 6-8 weeks.
Flow cytometry and cell sorting Bone marrow was removed and cell suspensions were prepared in balanced salt solution (phosphate-buffered saline (PBS) containing 2% fetal calf serum). Following depletion of erythrocytes with ACK lysis buffer, cells were stained for 20 min at 4 uC with FITC-, PE-, PerCP-Cy5.5-, APC-or biotin-conjugated monoclonal antibodies that was specific for mouse B220, Mac-1, CD43, IgM, IgD, CD23 and CD21/35 (BD Biosciences, San Jose, CA), to define B-cell subsets. Flow cytometry was performed using a FACSCalibur (Becton Dickinson, Mountain View, CA, USA), and the data were analyzed using the FlowJo (TreeStar, San Carlos, CA) software.
For cell sorting, bone marrow cells were stained with antibodies specific for B220, CD43, IgM, and IgD, and pro-B and pre-B cells were defined as B220 1 CD43 1 IgM 2 IgD 2 and B220 1 CD43 2 IgM 2 IgD 2 cells, respectively. Large and small pre-B cells were distinguished according to forward scattering, and cell sorting was performed using a FACSAria cytometer (BD Bioscience) with a purity .95%.
B-cell culture
Sorted pro-B or pre-B cells were cultured in 96-well, flat-bottom plates at 2310 5 cells/well in Opti-MEM (Invitrogen, San Diego, CA) supplemented with 10% fetal calf serum (FCS) and gentamycin (200 U/ml) in a humidified atmosphere of 5% CO 2 at 37 uC. LPS (10 mg/ml; Sigma-Aldrich, St. Louis, MO) and IL-7 (10 ng/ml; R&D Systems, Minneapolis, MN) were added to the culture at final concentrations of 10 mg/ml and 10 ng/ml, respectively.
Proliferation assay
For the proliferation assay, 5310 6 B cells were incubated at room temperature for 5 min in 1 ml of PBS containing 5 mM carboxy fluorescein diacetate succinimide ester (CFSE; Sigma). Cells were then washed twice to remove free dye before being put into culture. After culturing for 24-72 h, the cells were monitored for CFSE dilution using flow cytometry. 
Apoptosis assay

Statistical analysis
The data were collected from at least three independent experiments. The unpaired Student's t-test was performed using the GraphPad Prism software (GraphPad, La Jolla, CA, USA), and differences were considered significant when the P value was ,0.05.
RESULTS
Increased pro-B and pre-B cells in C3H/HeJ mice
To reveal the potential influence of TLR4 signaling on early Bcell development, we first compared the bone marrow cell populations in C3H/HeN mice and C3H/HeJ mice that harbored a mutation in Tlr4. The mutant mice showed an increase in the percentage and absolute number of B220 1 B-lineage cells. In contrast, the number of Mac-1 1 myeloid cells remained within the normal range, despite a relative decrease in frequency (Figure 1a and b) . The B-cell compartment in the bone marrow was further dissected based on surface expression of B220, CD43 and IgM. The Tlr4 mutation caused an expansion of the pro-B (B220 Inhibition of IL-7-driven proliferation of pro-B and large pre-B cells by LPS To inquire into the cellular mechanisms behind the expanded pro-B and pre-B-cell subsets in C3H/HeJ mice, we examined the potential impact of TLR4 signaling on the proliferative response of B-cell precursors to IL-7, a key cytokine for B lymphopoiesis. 15 To this end, purified pro-B cells were cultured in medium containing IL-7 in the presence or absence of LPS, and cell proliferation was monitored by CFSE dilution. As expected, pro-B cells underwent robust proliferation upon TLR4 signaling modulates developing B-cell response to IL-7 Q Li et al IL-7 stimulation. In cultures with LPS, however, a significant fraction of cells were prevented from entry into the cell cycle, resulting in a marked decrease in the number of cells that were harvested at 48 and 72 h (Figure 2a) . A similar inhibitory effect was also observed in the cultures of large pre-B cells (Figure 2b ), which was another IL-7-responsive population of B-cell precursors. 16 The reduced proliferative response prompted us to examine the expression of IL-7 receptors in LPS-treated cells. Indeed, culture with LPS alone caused a substantial reduction in the cell surface expression of IL-7Ra in pro-B cells ( Figure 2c ) and large pre-B cells (data not shown). Notably, an even more dramatic reduction was observed upon IL-7 stimulation that was most likely due to receptor internalization. To verify the contribution of TLR4, we monitored proliferation of pro-B cells in TLR4-mutant C3H/HeJ mice. While LPS significantly attenuated IL-7-driven proliferation of pro-B cells from C3H/ HeN mice, the inhibitory effect was abolished in TLR4-mutant pro-B cells (Figure 2d ).
Synergism of LPS and IL-7 signals in the promotion of pre-Bcell differentiation
In contrast to its well-characterized mitogenic effect, the role of IL-7 in the differentiation of pro-B and pre-B cells is highly debated. On the one hand, IL-7 was reported to inhibit their differentiation into IgM 1 immature B cells because the latter was markedly increased upon withdrawal of IL-7 from cultures. On the other hand, there is evidence that IgM 1 B cells could be generated in the presence of IL-7 and that the increased representation of these cells upon IL-7 withdrawal was simply the result of reduced precursor cells in the culture. 17 We revisited this issue in the context of potential interactions of LPS and IL-7 signals. Purified pre-B (B220 1 CD43 2 IgM 2 IgD 2 ) cells were cultured for 72 h in medium alone or in the presence of IL-7 (10 ng/ml), LPS (10 mg/ml) or both and subsequently stained for surface expression of IgM and IgD. As reported by Hayashi et ) cells from C57BL/6 mice were plated at a density of 2310 5 /well and cultured in the presence of IL-7 (10 ng/ml) with (10 mg/ml) or without LPS, and cell proliferation was monitored using the CFSE dilution assay. Representative histograms are shown for CSFE intensity before (shaded) and 72 h after Figure 3A) . However, the absolute number of IgM 1 IgD 2 or IgM 1 IgD 1 cells was comparable to that in medium alone if the approximately twofold increase in total cellularity in the IL-7 culture were taken into consideration (Figure 3b ). This result supports that idea IL-7 does not necessarily inhibit pre-B-cell differentiation, but induces a preferential expansion of IL-7-responsive, large pre-B cells. Most importantly, addition of LPS into IL-7 cultures resulted in a significant increase in the absolute number of IgM Enhanced maturation of adoptively transferred B-cell precursors in the bone marrow of LPS-treated mice We then examined whether LPS had similar effects on the differentiation of B-cell precursors in vivo using an adoptive transfer assay. B220
1 IgM 2 IgD 2 B cells were sorted from C3H/ HeN mice, labeled with CFSE and intravenously injected into TLR4-mutant, C3H/HeJ mice. The recipient mice received intraperitoneal injection of LPS immediately afterwards, and the donor cells were retrieved 18 h post-injection. This method allowed us to test whether any impact on B-cell development was due to direct action on developing B cells. As shown in Figure 5a , the percentage of CFSE-labeled donor cells in the bone marrow of LPS-treated recipients was only about half of that in the PBS-treated controls 18 h after LPS administration. This decrease could result from impaired homing, increased cell death or reduced proliferation of donor cells. Given the data that were obtained in in vitro studies, we favor the explanation of suppressed cell proliferation. Despite a decrease in absolute number, the donor cells that were recovered from LPS-treated mice contained a much higher percentage of IgM 1 IgD 1 cells than those from the control mice (Figure 5b ), rendering further support for a potential role of LPS in the maturation of pre-B cells. DISCUSSION B-cell development in the adult bone marrow is a well-defined process that is regulated by the coordinated action of cytokine signaling, pre-BCR/BCR signaling, and transcriptional activation/suppression. 1, 20, 21 Signal transduction initiated by IL-7 and its downstream effectors is essential for the expansion and differentiation of B-cell precursors. 22, 23 In this study, we present evidence that LPS-induced signals via TLR4 crosstalk with IL-7 signals have a profound influence on early B-cell development.
LPS is known as a potent activator of murine mature B cells because it induces massive cell proliferation and antibody production by triggering TLR4 signaling. 24 Recent studies by Hayashi et al. indicate that TLR4 signaling also plays a role during late stages of B-cell development by facilitating the generation of immature or transitional B cells.
14 The present study further demonstrates that early B-cell development is subject to regulation by TLR4 signaling. The pro-B-and pre-B-cell population was found to be enlarged in the bone marrow of TLR4-mutant, C3H/HeJ mice, indicating a physiological role of TLR4 in early B lymphopoiesis. In addition to the best-known ligand LPS, TLR4 can be activated by endogenous ligands, such as the extracellular matrix component heparan sulfate. 25 Developing B cells are positioned in specific cellular niches in the bone marrow that supply the microenvironment that is essential for their differentiation. 26 Endogenous ligands of TLR4 can be a part of the network modulating B lymphopoiesis. Given the multiple functions of IL-7 during early B-cell development, regulation of IL-7-induced signals is critical. A large number of studies have illustrated that IL-7R signaling is modified at various stages along the B-cell developmental pathway. 27, 28 Proinflammatory cytokines such as interferon-c, for example, are shown to inhibit IL-7-driven proliferation of pre-B cells and induce cell death. 29, 30 In vitro data in this study demonstrated that TLR4 signals limited IL-7-dependent proliferation of pro-B and large pre-B cells, which was consistent with the phenotype that was observed in C3H/HeJ mice. This inhibitory effect is at least partly attributable to the downregulation of IL7Ra expression by LPS.
Withdrawal of IL-7 has been reported to induce recombination activating gene expression, light chain rearrangement and emergence of IgM 1 cells during in vitro culture, 18, 31, 32 which leads to the speculation that IL-7 inhibits the developmental progression of B-cell precursors by keeping them in a proliferative state. The study by Paige and colleagues, 17 however, shows that surface IgM 1 cells can be effectively generated in IL-7 cultures. Consistent with this observation, we found that pre-B-cell cultures gave rise to virtually equal numbers of IgM 1 or more advanced IgD 1 cells in the presence or absence of IL-7, although their relative frequencies were lower in the presence of IL-7, possibly due to selective expansion of IL-7-responsive TLR4 signaling modulates developing B-cell response to IL-7 Q Li et al
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2 IgD 2 cells. Notably, co-stimulation with IL-7 and LPS markedly enhanced the generation of IgM 1 and IgD 1 cells in pre-B-cell cultures, suggesting a crosstalk between TLR4 and IL-7 signals. This is reminiscent of the synergism between pre-BCR and IL-7 signals that was revealed in previous studies. 16, 33 Although signal transduction downstream of pre-BCR remains to be fully characterized, similar signaling complexes are formed following the engagement of BCR and pre-BCR. [34] [35] [36] Because TLR4 signaling is shown to synergize with BCR-delivered signals during the activation of mature B cells, 37, 38 it would not be surprising if the TLR4 signaling pathway also interacts with pre-BCR signaling during pre-B-cell development. Thus, signals mediated by IL-7R, pre-BCR and TLR4 may converge to modulate pre-B-cell maturation. TLR4 signaling modulates developing B-cell response to IL-7 Q Li et al LPS-induced, systematic inflammation is often associated with rapid contraction of the pro-B-and pre-B-cell populations; however, the mechanism behind this is not clearly defined. The results from the present study suggest that suppressed proliferation of pro-B/pre-B cells and accelerated progression of these cells to more mature cells may contribute to LPS-induced reduction in pro-B and pre-B cells. Thus, while pathogen-mediated stimulation of preferential myeloid differentiation pathways may provide a means for the rapid replenishment of the innate immune system, the inhibition of proliferation and promotion of maturation of B-cell precursors may provide another way for instant supplementation of the adaptive immune response during infection.
Altogether, the current study has demonstrated that TLR4 signals are implicated in regulating the proliferation and differentiation of pro-B and pre-B cells. LPS limits IL-7-dependent proliferation of pro-B and large pre-B cells and synergizes with IL-7 signals to promote pre-B-cell maturation in vitro and in vivo. Further studies are warranted to elucidate the detailed molecular mechanisms underlying the crosstalk between TLR4 and IL-7 signals. TLR4 signaling modulates developing B-cell response to IL-7 Q Li et al
